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CD4+ lung-resident memory T cells (TRM) generated in response to influenza infection confer 

effective protection against subsequent viral exposures. Whether these cells can be altered by 

environmental antigens and cytokines released during heterologous, antigen-independent 

immune responses is currently unclear. We therefore investigated how influenza-specific CD4+ 

TH1 TRM in the lung are impacted by a subsequent TH2-inducing respiratory house dust mite 

(HDM) exposure. Although naïve influenza-specific CD4+ T cells in the secondary lymphoid 

organs do not respond to HDM, influenza-specific CD4+ TRM in the lungs do respond to a 

subsequent allergen exposure by altering their phenotype and functional capacity. Changes in 

transcription factor expression in this population persisted upon heterosubtypic influenza 

challenge and was associated with decreased morbidity, viral load, and pro-inflammatory 

cytokine expression in the lung. Further investigation revealed that respiratory cysteine protease 

or rIL-33 administration was sufficient to induce these changes in the lung-resident influenza-



specific CD4+ TRM population. Thus, heterologous antigen exposure or IL-33 release can drive 

persistent alterations in CD4+ TH1 TRM populations. 
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1  Introduction 

1.1 Initiation of the innate and adaptive immune response 

The innate and adaptive immune system are two developmentally distinct yet 

functionally interconnected networks of immune cells that orchestrate to protect the host 

organism from harmful pathogens, carcinogenic neoplasms, and promote tissue repair. Loss of 

critical innate and adaptive immune cell types, or even suppression of specific functions of 

various immune cells, can upset this balance and lead to severe autoimmune disease or 

immunodeficiency. The initiation of the immune response occurs primarily upon innate immune 

cells sensing invariant molecules associated with pathogenic organisms, such as double-

stranded RNA and lipopolysaccharide [1-3]. In response, these sentinel immune cells can 

produce pro-inflammatory type I interferons such as IFN-a and IFN-b that can restrict viral 

replication and bacterial growth through the induction of interferon-stimulated genes [4-8]. In 

addition to promoting antiviral programs, type I interferons can also induce expression of 

costimulatory molecules on innate antigen presenting cells such as dendritic cells (DCs), which 

is essential in activating the adaptive immune response [9]. The release of inflammatory 

mediators at the site of infection or antigenic stimulation, such as histamine, leukotrienes, and 

the cytokines TNF-a and IL-1, can promote vascular permeability and the upregulation of 

adhesion markers on the vascular endothelium [10]. This promotes extravasation of innate and 

adaptive immune cells into the tissue and the propagation of the local immune response [11].  

 Upon antigen exposure or infection, activated migratory and resident antigen presenting 

cells (APCs) in the draining lymph nodes prime the CD4+ and CD8+ T cell arm of the adaptive 

immune response [12-14]. In addition to trafficking antigen sampled from the site of infection to 

the lymph node, soluble antigens which travel through the afferent lymphatics can be captured 

by lymph node-resident APC populations and presented as peptide:major histocompatibility 

complex class II (MHC-II) molecules to CD4+ T cells [13-16]. APCs in the lymph node can 
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activate CD8+ T cells through cross-presentation, a biological phenomenon in which 

internalized antigens can be presented as peptide:MHC-I molecules, a pathway that is 

classically restricted to cytosolic-derived antigens [17-19]. The interactions between APCs and 

CD4+ and CD8+ T cells through peptide:MHC and T cell receptors (TCR), co-stimulatory 

ligands and receptors, and paracrine cytokine production and sensing initiate and direct the T 

cell response to a pathogen or antigen. The description of various signals and cellular 

interactions which orchestrate CD4+ T cell immunity are discussed in further detail in the 

following section (1.2 CD4+ T cell activation and differentiation).  

 Although the soluble antigens which drain to the local lymph nodes can be sampled and 

displayed by MHC-I and MHC-II by classical antigen presenting cells, these particles can also 

stimulate the humoral immune response. Humoral immunity is characterized by the production 

of antibodies, which can neutralize, opsonize, and activate complement to eliminate pathogens 

[20]. Antibody producing cells are derived from the B cell lineage and can include plasma cells 

and plasmablasts found in the secondary lymphoid organs, bone marrow, or non-lymphoid 

tissue [21, 22]. Aside from antibody production, B cells can also serve important roles in the 

activation and maintenance of the CD4+ T cell response. Like certain innate immune cell 

subsets, B cells can express MHC-II on their surface and drive CD4+ T cell activation and 

differentiation towards a T follicular helper (TFH) cell fate [23, 24]. B cells thus play several 

pleiotropic roles in the immune system with both adaptive and innate-like qualities, which work 

in concert to expedite clearance of pathogens at the site of infection through multiple 

mechanisms. 

 Overall, various facets of the immune system mediate the elimination of threats that 

perturb tissue homeostasis by temporally and functionally distinct means. Sensing of invariant 

molecules present within pathogens or immunogenic antigens can drive rapid antiviral 

responses, recruitment of a diverse array of immune cells to the site of infection or exposure, 

and promote adaptive immune cell activation. The sampling, processing, and presentation of 
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foreign antigens in the local lymph node can further stimulate T and B cell responses that are 

essential for clearance of many pathogens in mice and humans. Although many of these 

components of the immune system are indispensable for protection in various contexts, the 

focus of this dissertation is on the role of CD4+ T cells in respiratory viral infection.  

 

1.2 CD4+ T cell activation and differentiation 

CD4+ T cell subset differentiation: an overview 

 From a T cell-centric perspective, pathogens and various environmental antigens can be 

classified by the type of immune response they elicit. CD4+ T cells can commit to distinct 

programs comprised of unique cytokine profiles that dictate the features of the resulting immune 

response, theoretically in a targeted fashion to optimally eliminate the pathogen or stimulus [25-

27]. These classically include the TH1 program, which is characterized by IFN-g and TNF-a 

production to eliminate viruses and intracellular bacteria, TH2 differentiation defined by secretion 

of IL-5 and IL-13 in response to allergens or helminths, and TH17 cells that generate IL-17 to 

combat fungal infections [28]. The commitment to these programs can occur during the initial 

activation of these cells, termed the priming phase, and in some cases be reinforced as these 

cells encounter further immune signals at the site of infection or antigen exposure [28, 29]. The 

induction and expression of master transcription factors which control the expression of these 

subset-associated genes are necessary for lineage commitment in CD4+ T cells [28]. Seminal 

work from multiple groups approximately a quarter century ago identified T-bet as the master 

transcription factor for TH1 cells, GATA-3 for TH2 cells, and RORgT for TH17 cells [28, 30-32]. 

The tipping point in an immune response that can lead to either effective or defective pathogen 

clearance or the avoidance or development of immunopathology or autoimmunity can many 

times be attributed to cues that influence effector subset commitment.  
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 In addition to the various effector subsets that CD4+ T cells can commit to upon 

activation, it has more recently been appreciated that these cells can differ by their activation 

state as well [28]. While still incorporating cues and expressing cytokine profiles that are 

consistent with TH1/TH2/TH17 differentiation, CD4+ T cells can concomitantly establish their fate 

as effector T cells (Teff) that produce high levels of cytokines or T follicular helper cells that 

support and direct B cell responses [28]. Like the T cell subsets, transcription factors dictate and 

demarcate these activation states, with Blimp-1 driving Teff cell differentiation and Bcl-6 leading 

to TFH formation [28, 33-36]. Yet the factors and signals that influence these fate decisions in 

various contexts continue to be defined in recent and ongoing work, demonstrating that CD4+ T 

cells can exhibit remarkable heterogeneity [28].  

 

T cell receptor signaling: more than just an activation checkpoint 

The first event that occurs when a naive CD4+ T cell is activated is the interaction of the 

TCR with a cognate peptide:MHC complex on an antigen presenting cell. However, in addition 

to controlling activation of the T cell, TCR signaling can also impact differentiation. One of the 

first examples of this was described by Paul and colleagues [37]. Using TCR transgenic mice, 

they discovered that lower concentrations of peptide induced early phosphorylation of STAT5 

and production of IL-4 and GATA-3 by CD4+ T cells in vitro [37]. Conversely, high peptide 

concentrations abolished early GATA-3 and IL-4 production, which could be reversed by 

inhibiting MEK [37]. Their work demonstrated that antigen concentration may affect T cell 

differentiation and responsiveness to various cytokines. This observation was later recapitulated 

in vivo, where antigen concentration was found to dictate CD4+ T cell polarization over the type 

of adjuvant used [38]. Here, high levels of antigen led to increased IL-12R expression and TH1 

differentiation [38]. Thus, antigen load and therefore TCR signal strength can affect cytokine 

receptor expression and CD4+ T cell polarization.  
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In addition to altering effector subset polarization, TCR signal strength can also mediate 

the activation state of CD4+ T cells. Tubo et al. addressed this phenomenon by performing an 

experiment where congenically marked naive CD4+ T cells were transferred into hosts such that 

the donor cells would contain on average one naive CD4+ T cell specific for LLO, a Listeria 

monocytogenes-derived peptide [39]. Following infection with Listeria, the CD4+ T cells specific 

for LLO were purified and their differentiation and activation state was assessed. They found 

that each naive CD4+ T cell clone has a distinct cell lineage or differentiation potential that is 

dependent on TCR signal strength [39]. Cells that experienced a short duration of TCR signaling 

became TFH cells, whereas Teff were induced by a longer interaction with peptide:MHC-II [39]. Of 

note, cells experiencing the longest interaction and thus TCR signaling became germinal center 

TFH, suggesting that TCR signal strength can influence CD4+ T cell activation state commitment 

along a continuum [39]. This finding is supported by another recent study, which demonstrated 

naïve CD4+ T cells that received the highest TCR signals were induced to produce IL-2 and 

become committed to the TFH lineage, with lower TCR signaling linked to IL-2 non-producers 

and Teff differentiation [40]. However, some studies using in vivo models suggest stronger TCR 

stimulation is associated with Teff differentiation, suggesting possible differences depending on 

context or subset definition [41, 42].  

In an in vivo vaccination setting, high and low stability peptides used to prime CD4+ T 

cells were able to generate TH1 cells that produce IFN-g upon infection with influenza [43]. 

However, only low stability peptides could induce a population of CD4+ T cells that have the 

capacity to produce IL-17A following infection [43]. The TH1 cells generated by high-stability 

peptides proliferated poorly following infection, suggesting that increased TCR signal strength 

may generate terminally differentiated effector cell subsets that are suboptimal for vaccination 

strategies [43]. Together, the current body of evidence delineates the necessity for further study 

of how TCR signal strength can influence CD4+ T cell differentiation, with considerations 

pertaining to the infection model employed and nomenclature used to define various CD4+ T 
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cell subsets and activation states [38]. However, it is clear that TCR signal strength during the 

initial steps of CD4+ T cell activation can govern both functional outcome and polarization by 

impacting transcription factor and cytokine receptor levels that can affect responsiveness to the 

local milieu and guide cell fate before other differentiating signals come into play. 

 

Interleukin-2: a gas pedal and steering wheel that drives CD4+ T cells to their destination 

Activation of naive CD4+ T cells ultimately requires not only TCR recognition of 

peptide:MHC-II, but also perception of IL-2 and signaling through the IL-2 receptor (IL-2R). The 

balance of these events with other differentiating signals controls cell fate and polarization. 

Downstream of the IL-2R is STAT5 (among other pathways), which becomes phosphorylated 

and forms homodimers or heterodimers that translocate into the nucleus and control gene 

transcription. Johnston et al. found that STAT5-deficient CD4+ T cells rapidly express Bcl-6 and 

preferentially form TFH cells following LCMV infection [44]. Conversely, CD4+ T cells that 

constitutively express an active form of STAT5 become Teff cells and fail to form TFH or germinal 

centers [44]. This is in line with previously discussed work which demonstrated CD4+ T cells 

that are not IL-2 producers themselves yet perceive paracrine IL-2 preferentially become Teff 

[40]. To further support these findings, Randall and colleagues showed that IL-2 administration 

impaired TFH cell formation and limited the generation of germinal cells during influenza infection 

[45]. Similar findings on IL-2R signaling and STAT5 activation on early CD4+ T cell activation 

and fate has been uncovered in humans, suggesting that this is a conserved and consistent 

feature of CD4+ T cell immunity [46]. Thus, increased signaling through the IL-2R can 

chaperone CD4+ T cells towards a Teff lineage through STAT5 phosphorylation, indicating that 

IL-2 plays an essential role in CD4+ T cell activation state commitment. 

 In addition to regulating the activation state of CD4+ T cells, the presence and strength 

of STAT5 signaling can also impact polarization. STAT5-deficient CD4+ T cells exhibit severely 

attenuated TH2 responses both in vitro and in vivo [47, 48]. IL-2 acts through STAT5 to mediate 
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accessibility of the IL-4 gene, and IL-2 blockade or the absence of STAT5 results in reduced 

responsiveness to IL-4 receptor signaling and a loss of IL-4 production [48]. The concentration 

of antigen present can also affect STAT5 signaling, as low antigen levels have been shown to 

lead to early STAT5 phosphorylation and IL-4 and GATA-3 production in CD4+ T cells [37]. As a 

whole, STAT5 phosphorylation driven through IL-2R signaling is able to control effector subset 

differentiation of CD4+ T cells in addition to guiding their activation state.  

 

Antigen presenting cell subsets that provide differentiating signals 

 In addition to TCR signal strength and perception of soluble factors, the identity of the 

antigen presenting cell that activates a CD4+ T cell can also dictate its differentiation and 

activation state. Using histocytometry, Gerner et al. found that draining antigen forms a 

concentration gradient in the draining lymph node, with higher amounts of antigen located near 

the periphery [16]. The cDC2s that can present peptide:MHC-II and activate CD4+ T cells are 

located near the periphery and therefore require lower antigen doses to prime and activate 

CD4+ T cells in comparison to cDC1s that are located in the deep T cell zone and activate 

CD8+ T cells [16]. Following antigen administration, TFH-promoting DCIR2+ CD4+ DCs that 

express ICOSL and localize to the outer T cell zone to interact with EBI2+ CD4+ T cells can 

promote a TFH cell fate [49]. These DCs also produce soluble and membrane bound forms of 

CD25 to quench local IL-2 to further reinforce TFH differentiation [49]. Migratory DCs can also 

prime TFH cells, as CD11b+ cDC2s were found to express homing molecules that position them 

at the T:B border upon entry into the lymph node following intranasal OVA+LPS administration 

[50]. Mice that are deficient in cDC2s have a reduction in protective antibody generation 

following infection with inactivated influenza virus, demonstrating their importance in generating 

TFH cells that can provide B cell help [50]. Although antigen presenting cells play a significant 

role in driving cell fate during the activation of naive CD4+ T cells, they can also impact cell 

function in non-lymphoid tissue during later stages of infection. 
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 During local antigen exposure in the skin, effector CD4+ T cells can interact with antigen 

presenting cells, cease migration in a transient fashion, produce a burst of cytokine, and then 

continue to migrate [51]. This is dependent on PD-1/PD-L1 interaction, as blockage of PD-L1 on 

antigen presenting cell leads to longer dwell time of the CD4+ T cells and greater amounts of 

cytokine production [51]. This dependence of cytokine production on interaction with antigen 

presenting cells and TCR signaling was further demonstrated in vivo in the settings of 

Mycobacterium tuberculosis and influenza infection [52]. In these contexts, cytokine production 

by CD4+ T cells in the lung is restricted to areas of high antigen abundance, and thus influenza 

infection generates more cytokine production in the lung than M. tuberculosis due to higher 

antigen load [52].  Thus, succeeding the differentiating signals that are imparted on CD4+ T 

cells at the site and time of priming by APCs and the cytokine milieu, local antigen presence and 

presentation in non-lymphoid tissue can further control the levels of cytokine produced by CD4+ 

T cells. 

  

1.3 Formation and maintenance of CD4+ T cell memory 

Formation of CD4+ memory T cells 

Following disappearance of the immune stimulus, whether an acute infection or antigen 

exposure, the number of immune cells drastically subsides in comparison to those found shortly 

after the generation of the immune response [53]. Although many of the cells found during the 

acute phase fail to persist, subsets of CD4+ T cells, termed memory CD4+ T cells, remain 

poised to rapidly and efficiently respond upon antigen reencounter [53]. As with CD4+ T cell 

effector subsets and activation states, CD4+ T cell memory cells are compartmentalized into 

distinct fates that differ in their phenotype, function, and localization [53, 54]. 

 One of the first demonstrations of distinct CD4+ memory T cell subsets was performed 

by Lanzavecchia and colleagues in human peripheral blood [54]. Here they identified the 

effector memory (TEM) subset, which lacks surface expression of the chemokine receptor CCR7 
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and retains markers for tissue migration, and central memory (TCM) cells which are CCR7+ and 

home to the lymphoid tissue [54]. In addition to expressing distinct phenotypic markers and 

localization tendencies during the memory phase, TEM and TCM also give rise to various CD4+ T 

cell subsets following reactivation. Upon cognate antigen recognition, TEM primarily become 

effector T cells, while TCM are able to differentiate into both TFH and effector T cells [53-55]. 

Thus, altering the balance of memory subsets that are formed following infection or antigen 

exposure could have functional consequences upon reactivation through the generation of 

effector T cells or TFH.   

 More recently, another memory T cell subset which is distinct from TEM and TCM has 

been described in both mice and humans. Tissue resident memory T cells (TRM) are almost 

exclusively found in the non-lymphoid tissue at the site of infection or antigen exposure, but 

unlike TEM, do not recirculate under homeostatic conditions [56-60]. Although work from 

Masopust and others has demonstrated that TRM can potentially seed a pool of memory cells 

that are resident in the draining lymph node, the majority of CD4+ TRM patrol the local tissue and 

remain primed to respond upon a secondary antigen exposure [60-63]. These CD4+ TRM 

stationed in the tissue can play indispensable and critical roles in providing protection against 

re-infection (reviewed in section 1.5), or in the case of allergy, can promote immunopathology 

[56, 58-60].  While TEM and TCM are still important components of an intact and effective immune 

recall response in many scenarios, TRM are essential mediators of tissue-restricted immunity.  

Similar to how various cell intrinsic and extrinsic signals can drive differentiation of 

effector CD4+ T cells, several groups have delineated the factors that promote CD4+ memory T 

cell formation.  In a polyclonal setting, each CD4+ T cell clone is capable of producing memory 

CD4+ T cell progeny, suggesting that memory cell formation is not restricted to certain TCR 

clonotypes [64]. Memory T cells can arise from effector CD4+ T cell progenitors, although this 

can be dependent on the perception of various signals during specific phases of the immune 

response [65-69]. A critical component of CD4+ memory T cell generation is sensing of IL-2 [59, 
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66, 70]. IL-2R signaling during contraction of the acute immune response directs effector CD4+ 

T cells to become memory cells [66]. Further demonstrating the role of IL-2 in memory 

formation, mice that lack high affinity IL-2R on their CD4+ T cells possess a severely limited 

number of TRM at the site of infection or allergen exposure [59, 70]. In addition to IL-2 driving 

CD4+ memory T cell formation, the expression of the transcription factor Thpok can promote the 

differentiation and fitness of memory cells by antagonizing Blimp-1 and Runx3 expression [71]. 

Thus, the formation of memory CD4+ T cells in vivo can be regulated by the temporal sensing of 

environmental cues by effector CD4+ T cells. There remains some debate, however, whether 

memory T cell differentiation strictly occurs in a linear fashion, or if memory potential can be 

differentially imprinted on daughter cells during initial T cell activation [72].  

 

Maintenance of CD4+ memory T cells 

 During an acute immune response, T cell clones proliferate in response to TCR signaling 

and sensing of pro-survival cytokines such as IL-2. However, once the infection or inflammatory 

stimulus subsides, CD4+ memory T cells must persist in the absence of cognate antigen and a 

cytokine miliieu which favors cell survival. Upon T cell sensing of IL-2 and transition to a 

memory fate, CD4+ memory T cells upregulate IL-7R which is essential for their maintenance 

[66, 73-75]. IL-7R signaling drives expression of Bcl-2, an anti-apoptotic transcription factor 

which mediates the persistence of CD4+ memory T cells in the absence of antigen [74]. IL-7 

deficient mice or intact mice which experienced a temporal absence of IL-7R signaling via 

antibody blockade failed to maintain CD4+ memory T cell populations [74]. In addition to IL-7, 

the cytokine IL-15 also plays important roles in CD4+ memory T cell maintenance [73, 76]. In 

multiple contexts, IL-15 has been demonstrated to regulate homeostatic proliferation of CD4+ 

memory T cells once formed, although the initial differentiation of memory cell populations 

appears to be more reliant on IL-7 [73, 76]. Together, these cytokines play essential roles in the 

generation and/or maintenance of CD4+ memory T cells in vivo.  
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Although IL-7R and IL-15R signaling are essential contributors to CD4+ memory T cell 

survival, a number of structural and cellular factors can also regulate the maintenance of 

memory cells. In the genital mucosa, macrophages can produce chemokines that support 

protective CD4+ TRM generated in response to herpes simplex virus 2 infection [77]. In LCMV 

infection, B cell deficient mice have increased numbers of antigen-specific CD4+ T cells in the 

lungs during acute infection, but their persistence during the memory phase is severely 

impacted [70]. B cells and T cells have been identified in close proximity in a number of tissues 

during memory or late timepoints in mice and humans [59, 78-81]. The localization of these cells 

within the tissue is typically within loosely-organized lymphoid clusters which resemble T cell 

zones and B cell follicles present in secondary lymphoid organs. These clusters are typically 

positioned in adventitial cuffs near larger structures of the vasculature and airways and are 

termed inducible bronchus associated lymphoid tissue (iBALT) [78, 79, 81-83]. Induction of 

iBALT is dependent on IL-17, but independent of antigen-specific immunity [78, 79]. iBALT 

formation can be induced by LPS or other inflammatory stimuli and form high endothelial 

venules and these structurues are a location of naïve T cell activation or memory CD4+ T cell 

maintenance [78, 79, 81]. Taken together, the formation of specialized immune structures in 

non-lymphoid tissue can retain CD4+ memory T cells and be a source of cellular or soluble 

factors that promote the maintenance of memory T cell populations.  

 

1.4 Lung-lived memory: CD4+ resident memory T cells in respiratory viral infection 

Following the resolution of the acute immune response at the site of infection, the non-

lymphoid tissue retains a pool of memory lymphocytes. These include B cells as well as CD8+ 

and CD4+ T cells which remain resident in the tissue as sentinel cells in the context of re-

infection or antigen re-exposure [60, 84, 85]. In contrast to circulating memory cells, these 

tissue-resident memory lymphocytes have been described to possess unique roles in protection 
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upon re-infection or in driving enhanced immunopathology in the setting of allergic disease [58, 

59]. 

 One particular study that demonstrated the protective capacity of tissue-homing memory 

lymphocytes in humans was performed following the 2009 H1N1 influenza pandemic [86]. Here, 

the investigators analyzed immune correlates of protection in patients that did not have pre-

exisiting neutralizing antibodies but possessed cross-reactive cellular immunity [86]. They 

identified an IFN-g-expressing CCR7- CCR5+ CD8+ T cell population with lung-trafficking 

potential that correlated with less severe disease upon H1N1 infection, suggesting these tissue-

homing CD8+ T cells can protect against heterosubtypic infection [86]. Another study analyzed 

nasal swabs from antibody-naïve individuals following influenza infection and found that CD4+ T 

cells reactive to H1N1 peptide pools correlated with improved viral clearance and showed 

evidence of cytotoxic activity [87]. These studies demonstrate that both CD4+ and CD8+ 

memory T cells with the capacity to home to or directly located in the respiratory tissue play an 

essential role in providing protection against re-infection, even in the absence of neutralizing 

antibody. 

Although these human studies rigorously defined correlates of protection, seminal work 

from Farber and colleagues used mouse models to more directly interrogate the antiviral 

capacity of CD4+ memory T cells in the tissue. Using TCR transgenic mice which possessed 

CD4+ T cells specific for influenza hemagglutinin, the investigators demonstrated that influenza-

specific tissue-resident memory CD4+ T cells formed in the lung following infection are sufficient 

to drive decreased morbidity and viral load following re-infection [58]. Notably, this tissue-

resident population provides enhanced protection in comparison to influenza-specific memory 

CD4+ T cells isolated from the spleen in the same mice [58]. These influenza-specific memory 

CD4+ T cells also possess the ability to reduce the viral burden in infected mice in the absence 

of endogenous lymphocytes, suggesting that at least a portion of their function in this context is 

boosting innate immunity in myeloid or stromal cells or perhaps direct lysis of infected cells, 
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although this was not directly investigated [88-92]. These studies demonstrate that CD4+ TRM 

are distinct in comparison to other memory CD4+ T cell subsets in both their localization and 

function and are essential mediators of antiviral protection provided by the immune system. 

Even though CD4+ memory T cells in the tissue can provide protection against re-

infection in the absence of endogenous lymphocytes, a major role of tissue-localized CD4+ 

memory T cells during infection is to assist local CD8+ T cell and B cell responses [89, 93-97]. 

Recently, two separate groups have described a subset of TFH-like Bcl-6+ FR4hi PD-1hi resident 

CD4+ memory T cells (TRH) in the lung that promote local CD8+ T cell populations and antibody 

production in influenza infection through secretion of IL-21 [93, 94]. As has been described in 

CD4+ TRM populations in other infections or inflammatory contexts, these cells localize to iBALT 

and are dependent on B cells for their maintenance in the lung [93, 94]. In the absence of CD4+ 

T cells, the formation, maintenance, localization, and recall of CD8+ memory T cells in the lung 

is severely impacted and leads to impaired viral clearance [95, 96]. More specifically, the 

production of IFN-g by CD4+ memory T cells in the lung drives proper CD8+ T cell differentiation 

in TRM cells and mediates their antiviral function upon re-infection [95]. Similar mechanisms of 

CD4+ T cell-mediated protection were observed in SARS-CoV-1 infection, suggesting that these 

findings are not restricted to influenza infection alone [97]. Thus, CD4+ memory T cells localized 

to the tissue or airway respiratory viral infection are essential mediators of a robust antiviral 

response, either through direct lysis of infected cells, or the activation or orchestration of the 

innate or adaptive immune cells. 

 

1.5 Aeroallergens and immunity 

 The first step in the immune response to allergens occurs during their interaction with 

the epithelium at the site of exposure. In response to sensing pathogen associated molecular 

patterns such as LPS, or experiencing structural damage from protease activity, epithelial cells 

produce pro-inflammatory and damage-associated cytokines such as IL-33, TSLP, IL-25, and 
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TNF-a [104]. These signals from the epithelium are the first line of defense and set in motion a 

signaling cascade that can result in a robust TH2 immune response at the site of exposure. 

One of the primary molecular initiators of the TH2 immune response in barrier tissues is 

TSLP [105, 106]. TSLP production has been linked to PAR2 signaling in keratinocytes and the 

induction of cutaneous itch sensations [107, 108]. Once produced, TSLP can act on multiple cell 

types to promote TH2 responses in a context-dependent manner, including dendritic cells, 

ILC2s, basophils, and CD4+ T cells [105, 106]. In both in vitro and in vivo settings, TSLP has 

been demonstrated to induce IL-13 production in CD4+ T cells and promote TH2 terminal 

differentiation in the tissue [29, 105, 106, 109]. Specifically, TSLPR signaling works in a 

synergistic fashion with IL-4R signaling to generate pathogenic CD4+ TH2 cells that produce 

high levels of IL-5 and IL-13 in humans and mice [110]. Thus, TSLP plays a critical role in 

promoting TH2 inflammation through a wide array of cell types, even as a cytokine that is 

induced early in the immune cascade. 

Another driver of TH2 immunity that can be initiated at the level of the epithelium is IL-25. 

The cells that primarily express IL-25 in the gut epithelium are tuft cells, and although tuft cells 

can be identified in the respiratory mucosa, they are typically restricted to the nasal cavity or 

trachea [111-113]. However, IL-25 still plays a role in the distal lung, as blockade of IL-25 in 

mice attenuates the TH2 responses in the lung tissue [114]. IL-25R, composed of IL-17RA/IL-

17RB heterodimer, is expressed by several immune cells, including CD4+ T cells, ILC2s, and 

innate effector cells [29, 112]. The administration of IL-25 in the respiratory tract leads to 

enhanced TH2 cytokines in the lung and generation of IgE antibodies, demonstrating its function 

as a potent driver of type 2 immunity [115]. The importance of tuft cells and IL-25 in driving TH2 

immune responses and other biological phenomena is a rapidly evolving field, although it is 

well-appreciated that IL-25 can play unique roles in multiple contexts and tissues [112].  

The function of IL-33 in promoting a TH2 response is well-studied, and pleiotropic roles 

for IL-33 continue to be discovered. Although allergens and various pathogens stimulate 
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upregulation of IL-33 by epithelial cells, it must also be released into an environment where it 

can interact with immune cells. IL-33 contains no signal peptide to allow for its secretion and is 

targeted to the nucleus and binds chromatin. Thus, its release is thought to be limited to 

mechanical necrosis or programmed pro-inflammatory cell death [116]. Apoptotic cells inactivate 

full-length IL-33 through caspase-3 and 7 processing [117]. However, a broad array of allergens 

can also directly process full-length IL-33 in the extracellular environment into a form that more 

potently induces TH2 cytokine production, eosinophilia, and mucus production [118]. The tightly 

controlled regulation of IL-33 to be released and active only under circumstances of cell injury or 

destruction suggests that IL-33 and the downstream TH2 response is a critical component of 

wound repair [116].  The hijacking of this response by allergens cleaving full-length IL-33 into a 

highly immunogenic form demonstrates how these seemingly innocuous antigens can induce a 

robust immune response and chronic disease. 

Epithelial sensing of pathogen associated molecular patterns, such as LPS and flagellin, 

can initiate a cascade that promotes TH2 immunity. In the absence of TLR signaling in epithelial 

cells using a cell-specific knockout of MyD88, eosinophilia in response to house dust mite or 

administration of OVA and flagellin was virtually absent [98]. MyD88 is also involved in the 

signaling cascade of the IL-33 receptor, however, which was not ruled out as a potential 

pathway that could lead to this observation in this study. A meta-analysis found that 

polymorphisms in TLR2 and TLR4 are associated with an increased risk of developing allergic 

asthma in humans, demonstrating the role of these early signaling pathways in the development 

of allergic disease [99]. However, allergens are not inert molecules that facilitate an immune 

response strictly due to TLR agonists that are present in the source material. The house dust 

mite-derived allergen Der p 2 possesses structural homology to MD-2, a TLR4 co-receptor, and 

can enhance signaling of TLR4 in the presence of LPS [100]. In addition to functional mimicry, 

allergen proteases can also cleave tight junction proteins to facilitate entry into the tissue [101]. 

Mite proteases have also been shown to cleave several cell surface receptors that are present 
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on immune cells [102, 103]. Thus, allergens can stimulate a broad cascade of signals that drive 

TH2 immune responses, and consequently, hallmarks of allergic disease. 

  

APC subsets that propagate the allergic response 

         Following initiation of the immune response at the epithelium, these signals are relayed 

to the adaptive immune system by antigen-presenting cells and other innate cells. Various 

subsets of these cells have been demonstrated to be critical for the initiation of the TH2 

response. In a house dust mite-induced asthma model, migratory CD11b+ conventional DCs, 

which can first sense cytokines and alarmin signals at the site of exposure, were shown to be 

major drivers of TH2 initiation [119]. During allergen challenge in the lung, monocyte-derived 

DCs were shown to be sources of cytokines that supported TH2 cells already present in the 

tissue, and largely dispensable for TH2 cell initiation [119]. Proteases present in allergens such 

as cockroach feces can activate DCs and amplify their TH2 cytokine production and allergic 

airway inflammation in a PAR2-dependent manner [120]. Migratory DCs isolated from the lung 

can imprint homing characteristics to CD4+ T cells by inducing CCR4 expression and drive 

them to the lung under both homeostatic and inflammatory conditions at a greater frequency 

than DCs isolated from other sites [121].  Lung-resident alveolar macrophages also likely play a 

role in the development of asthma, as replacement of these cells by monocyte-derived alveolar 

macrophages following murid herpesvirus-4 infection led to a reduction in the TH2 response if 

these mice were later exposed to house dust mite (HDM) [122].  

In the skin and gut, CD301b+ DCs were shown to be important for transporting antigen 

to the draining lymph node and eliciting a TH2 response in response to alum or papain exposure 

or Nippostrongylus brasiliensis infection [123]. Recent work in a cutaneous allergy model using 

papain demonstrated that CD301b+ DCs require both CCR7 and CCR8 to enter into the lymph 

node parenchyma and drive TH2 differentiation [124]. The ligand for CCR8, CCL8, was 

determined to be derived from CD169+ SIGN-R1+ F4/80+ macrophages located in the 
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interfollicular regions of the lymph node following papain treatment [124]. The exact stimulus 

that initiates CCL8 production by these macrophages is currently unclear. Our current 

understanding of TH2 response, where these CD11b+ and CD301b+ migratory dendritic cell 

subsets are essential for TH2 cell differentiation, demonstrates that the spatial gap between the 

site of allergen exposure and TH2 cell initiation is bridged by these migratory DCs that can relay 

cytokine signals and antigen to the site of T cell priming. However, once primed in the lymph 

node, TH2 cells can themselves sense signals in non-lymphoid tissue to become terminally 

differentiated and exhibit full effector function [29]. One of the important sources of these signals 

is a macrophage subset that has been demonstrated to localize to the bronchi and serve as an 

APC in the tissue which promotes local effector TH2 responses to allergen [160]. 

In addition to dendritic cell and macrophage subsets, the induction of the TH2 response 

following allergen exposure in the lung is facilitated in part by ILC2s [125]. This reliance of the 

TH2 response on ILC2s is circumvented when allergen or adjuvants are administered during the 

priming phase by intraperitoneal injection [125].  This further demonstrates the involvement of 

cells at the site of exposure relaying primary signals from the epithelium to augment 

downstream TH2 responses. In fact, ILC2 activation in the lung following intranasal papain 

administration was shown to be IL-33-dependent [126]. This IL-33-dependent activation of 

ILC2s induced expression of IL-13 which promoted dendritic cell migration to the lymph node 

and TH2 differentiation [126]. During the memory phase, ILC2-derived IL-13 upon antigen re-

exposure in the lung or skin can be directly sensed by DCs and generate production of CCL17, 

the ligand for CCR4 [127]. This enhances recruitment of memory TH2 cells that express CCR4 

such as CD4+ TEM [127]. It is unclear if this ILC2/IL-13/DC axis is necessary or sufficient for the 

reactivation of CD4+ TH2 TRM, but it nevertheless appears to affect the magnitude of the TH2 

response by recruiting circulating memory T cells.  

The role and functional capabilities of ILC2s is still an emerging field, but their ability to 

augment epithelial cell-derived signals and dictate antigen-presenting cells to initiate and 
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sustain TH2 responses is well-supported. ILC2s may also be able to present antigen, as MHC-II 

expression is observed on ILC2s and they exhibit the ability to endocytose and process antigen 

[128]. Adoptive transfer of MHC-II-deficient ILC2s into ILC2-deficient mice led to impaired 

clearance of Nippostrongylus brasiliensis compared to mice that received wild-type ILC2s [128]. 

Thus, ILC2s likely interact with TH2 cells and play a direct role in their function in addition to 

ILC2s orchestrating DC migration and polarization.  

 

1.6 Outstanding questions 

 While the signals that drive the formation and differentiation of CD4+ TRM in non-

lymphoid tissue have been elucidated to some degree, whether these cells can be altered once 

established has yet to be studied. It is currently accepted that once a CD4+ TRM cell has 

differentiated and become entrenched in the tissue, it is resistant to changing its expression of 

lineage defining transcription factors and its cytokine profile in the absence of further 

engagement through the TCR. Thus, any perturbations to the tissue or cytokine milieu through 

subsequent infections or environmental antigen exposures would not alter the fate or function of 

previously formed CD4+ TRM. However, this has not directly been investigated. Any plasticity of 

CD4+ TRM populations in response to secondary immune stimuli has broad and significant 

implications for vaccine or therapeutic design and is therefore an area of importance. For 

example, allergen exposure following vaccination or natural infection could alter the phenotype 

or protective capacity of previously generated CD4+ TRM and make the assessment of these 

populations acutely after their formation inaccurate. Additionally, therapeutic strategies could be 

developed to target previously formed CD4+ TRM to boost or modulate their function in contexts 

where their current state is insufficient to provide protection upon re-infection or has the 

potential to drive immunopathology.  

 In the studies presented here, we use tetramer-based approaches to demonstrate that 

CD4+ TRM formed in response to influenza infection can alter their master transcription factor 
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expression, surface receptor expression, and cytokine profile following respiratory allergen 

exposure. We defined that these changes in this influenza-specific CD4+ TRM population 

following allergen exposure persist upon re-infection and are associated with decreased 

morbidity, viral load, and pro-inflammatory cytokine production in the lung. In chapter 4, we 

assessed the pathways that govern these alterations in influenza-specific CD4+ TRM after HDM 

exposure and found that rIL-33 or papain, but not IL-18 or LPS, could drive similar phenotypic 

changes in these cells. These studies define that CD4+ TH1 TRM formed in the lung tissue can 

respond to the surrounding immune environment and alter their phenotype and function 

independent of antigen. 

   

2.1 Materials and methods 

Mice 

Female C57BL/6J mice were purchased from The Jackson Laboratory and maintained under 

specific pathogen free conditions at the University of Washington. Red5 (B6(C)-Il5tm1.1(icre)Lky/J) 

and Great (C.129S4(B6)-Ifngtm3.1Lky/J) mice were also purchased from The Jackson Laboratory 

and maintained under specific pathogen free conditions at the University of Washington. Mice 

that were infected with influenza A virus Puerto Rico/8/34 H1N1 (PR8) or influenza A virus 

HKx31 H3N2 (X31) were housed in Animal Biosafety Level-2 conditions. Experiments were 

performed in accordance with the University of Washington Institutional Animal Care and Use 

Committee guidelines. 

 

Viral infections 

Mice were anaesthetized with ketamine/xylazine and intranasally instilled with 10 plaque 

forming units (pfu) of influenza A virus PR8 or 1000 pfu units of influenza A virus X31 diluted in 

sterile PBS in a final volume of 40 µL. For experiments that utilized FTY720 (Fingolomod; Enzo 



 28 

Life Sciences), mice were injected intraperitoneally daily for the indicated range with 25 µg 

FTY720 in sterile diH20.  

 

Immunizations 

For preparation of HDM immunizations, whole crushed D. pteronyssinus house dust mite 

powder (Greer Laboratories Inc., Lenoir, NC) was re-suspended in sterile PBS. For experiments 

that performed allergic sensitization and challenge, mice were anaesthetized with isofluorane 

and administered HDM via the oropharynx at a concentration containing 23 µg Der p 1 protein in 

a volume of 40 µL during the primary sensitization. Beginning at 10 days-post sensitization, 

mice were anaesthetized with isofluorane and instilled with HDM in the oropharynx at a 

concentration containing 5.75 µg Der p 1 protein daily for five days during the allergic challenge 

phase.  

 

For acute respiratory challenge experiments with HDM, papain, LPS, and recombinant 

cytokines, mice were anaesthetized with isofluorane and administered the target molecules in a 

total volume of 40 µL diluted in sterile PBS via the oropharynx for the indicated days. On each 

day, mice were given HDM normalized to 5.75 µg Der p 1 protein (Greer Laboratories Inc.), 25 

µg papain (from papaya latex, aseptically filled, Sigma-Aldrich), 10 µg Ultrapure LPS from E. 

coli O111:B4 (InvivoGen, San Diego, CA), 50 ng recombinant mouse IL-33 (Biolegend), and/or 

500 ng recombinant mouse IL-18 (Biolegend) as described in the relevant figures.  

 

Isolation of cells from the lung 

Approximately 3 minutes prior to sacrifice, mice were injected intravenously with 1 µg anti-

Thy1.2 BUV395 (clone 53-2.1, BD Biosciences) to label T cells in the vasculature [129]. Mice 

were then euthanized via CO2 asphyxiation and lungs were harvested into PBS with 2% fetal 
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calf serum. The lung tissue was placed into gentleMACS C Tubes (Miltenyi Biotec) with RPMI 

1640 Medium with HEPES (Gibco, #22400089) containing 70 µg/mL Liberase TM (Roche 

#05401127001) and 10 mM aminoguanidine (Sigma-Aldrich). The tissue was dissociated on the 

gentleMACS Dissociator (Miltenyi Biotec) and then incubated at 37°C for 30 minutes followed by 

a final dissociation step. The single cell suspensions from the lung were then filtered over 70 µm 

mesh and washed with Dulbecco’s Modified Eagle’s Medium [Corning, Inc.; Ref: 10-017-CV] 

with 10% fetal calf serum to inhibit liberase activity. 

 

Quantitative Reverse Transcription PCR 

For viral RNA quantification, the right middle lung lobe was harvested from C57BL/6J mice and 

placed in RNAlater Stabilization Solution (Invitrogen) at -20°C. 15 mg of lung tissue was lysed 

using the RNeasy Plus Mini Kit RLT buffer with b-mercaptoethanol (Qiagen) and a 5mm 

stainless steel bead (Qiagen) on the TissueLyser II (Qiagen) twice for 2.3 mins at 30 Hz. RNA 

was isolated from the lysate using the RNeasy Plus Mini Kit (Qiagen) according to manufacturer 

instructions. Isolated RNA was then synthesized and amplified into cDNA using the High-

Capacity cDNA Reverse Transcription Kit (Thermofisher). For IAV M1/M2 measurement, this 

cDNA was used as a template for quantitative PCR using PrimeTime qPCR Probe Assays 

(Integrated DNA Technologies, Inc.) and PrimeTime Gene Expression Master Mix (Integrated 

DNA Technologies, Inc.) with the following primer and probe design: Probe: (6-FAM/ZEN/IBFQ) 

5’- CCTCTGCTGCTTGCTCACTCGATC-3’; Forward Primer: 5’-

CAGCACTACAGCTAAGGCTATG-3’; Reverse Primer: 5’-CTCATCGCTTGCACCATTTG-3’. 

Transcripts were normalized to Rps17 (40S ribosomal protein S17) which was quantified using 

PowerUP SYBR Green Master Mix (Applied Biosystems) with the primers: Rps17 Fwd: 5’- 

CGCCATTATCCCCAGCAAG-3’; Rps17 Rev: 5’- TGTCGGGATCCACCTCAATG-3’. For IL-6, 

IFN-g, and TNF-a quantification, the following primers were used with PowerUP SYBR Green 
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Master Mix and normalized to Rps17. IL6 Fwd: 5’- TGAACAACGATGATGCACTTG-3’; IL6 Rev: 

5’- CTGAAGGACTCTGGCTTTGTC-3’; IFNG Fwd: 5’-ATGAACGCTACACACTGCATC-3’; IFNG 

Rev: 5’-CCATCCTTTTGCCAGTTCCTC-3’; TNF Fwd: 5’- TCTGTCTACTGAACTTCGGGGTG-

3’; TNF Rev: 5’- ACTTGGTGGTTTGCTACGACG-3’. Quantitation was performed on the ViiA7 

Real-Time PCR System (Applied Biosystems). 

 

In vitro stimulation and intracellular cytokine staining 

After acquiring a single cell suspension from lung tissue digestion (see Isolation of cells from the 

lung), cells were pelleted and re-suspended in 25 ng/mL PMA and 1.4 µM Ionomycin in 

Dulbecco’s Modified Eagle’s Medium [Corning, Inc.; Ref: 10-017-CV] with 10% fetal calf serum 

for 4.5 hours at 37°C. For the final 3.5 hours of culture, BD GolgiStop (BD Biosciences) 

containing Monensin was added according to manufacturer instructions. Following incubation, 

the cells were filtered over nitex mesh (amazon.com) and stained with APC-conjugated NP311-

325:I-Ab tetramer for 1 hour at room temperature. Cells were then washed and stained for surface 

markers (CD4, clone: GK1.5, BD Biosciences; B220, clone: RA3-6B2, BD Biosciences; 

LIVE/DEAD Fixable Blue Dead Cell Stain Kit, Invitrogen; Purified CD16/CD32, clone 2.4G2, BD 

Biosciences) for 30 minutes on ice. Cells were then fixed and permeabilized with eBioscience 

Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) according to manufacturer 

instructions. Intracellular cytokine staining (IFN-g, clone: XMG1.2, Biolegend; IL-10, clone JES5-

16E3, Biolegend; IL-13, clone eBio13A, Invitrogen) was performed in 1X Permeabilization Buffer 

(Invitrogen) at room temperature for 1 hour before flow cytometry acquisition. 

 

Cell enrichment and flow cytometry 

Following acquisition of single cell suspensions, cells were stained with NP311-325 

(QVYSLIRPNENPAHK) I-Ab tetramer or Der p 1117-127 (CQIYPPNVNKI) I-Ab as indicated 
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conjugated to APC or PE and incubated at room temperature in the dark for 1 hour. Cells were 

then washed and incubated with 25 µL anti-APC and/or anti-PE microbeads (Miltenyi Biotec) on 

ice for 30 minutes. After incubation, cells were washed and tetramer-positive cells were 

enriched over magnetic LS columns (Miltenyi Biotec) as previously described [130, 131]. The 

enriched fraction and “flow-through” non-enriched fraction were then surfaced stained with 

identical antibody master mixes on ice for 30 minutes for downstream analysis of tetramer-

specific cells and bulk lymphocyte populations. When applicable, cells were then fixed and 

permeabilized with eBioscience Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) 

according to manufacturer instructions. Intracellular transcription factor staining was performed 

in 1X Permeabilization Buffer (Invitrogen) at room temperature for 1 hour before data acquisition 

by flow cytometry. All cells were acquired on the LSR II or FACSymphony (BD) and analyzed 

using FlowJo 10.8.1 software (Treestar). All plots shown in figures are pre-gated on FSCxSSC 

singlet B220- CD8- CD4+ cells. Naïve CD4+ cells as indicated are further gated on CD62L+ 

CD44- CD69- cells. 

 

For surface staining, the following antibodies were used: B220 (clone: RA3-6B2; BD), CD4 

(clone: RM4-5 or GK1.5; Biolegend or BD), CD8 (clone: 53-6.7; BD), CD3 (clone: 145-2C11; 

BD), CD44 (clone: IM7; BD), CD69 (clone: H1.2F3; BD), CD62L (clone: MEL-14; BD), CD218a 

(clone: P3TUNYA; Invitrogen), ST2 (clone: DJ8; MD Bioproducts), Thy1.2 (clone: 53-2.1; BD). 

For intracellular transcription factor staining, the following antibodies were used: T-bet (clone: 

4B10; Invitrogen), GATA3 (clone: L50-823; BD), Foxp3 (clone: FJK-16s; Invitrogen). 

 

Statistical analysis 

Statistical analysis was performed by unpaired t test, Mann-Whitney test, or Spearman’s rank 

correlation as indicated in the figure legends using Prism 9.4.0 (GraphPad Software, San Diego, 

CA). Graphs show mean ± SD. 
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3 Phenotypic and functional modulation of influenza-specific CD4+ resident memory T 

cells following respiratory house dust mite exposure 

3.1 Introduction 

Influenza poses a significant global health burden through seasonal epidemics and the 

threat of emergent pandemic strains. Lung-resident memory CD4+ T cells generated in 

response to influenza can provide robust protection upon re-infection [58, 89]. CD4+ T cells are 

critical regulators of both B cell and CD8+ T cell responses yet can also provide protection in 

the absence of CD8+ T cells and B cells [93-96]. Once these cells are formed, it is unclear how 

subsequent heterologous pathogen or environmental antigen exposures impact this population 

or alter its functionality.   

Prior studies demonstrated that the in vivo reactivation of memory CD4+ TH1 cells in 

secondary lymphoid organs is restricted by CD4+ T cell cognate recognition of peptide:MHC 

complexes [132]. Whether or not memory cells in the tissues are similarly restricted or how 

different inflammatory conditions may alter a memory T cell response was not examined [132]. 

Interestingly, work by Paul and colleagues demonstrated that CD4+ TH2 memory cells in the 

lung could exacerbate subsequent TH2 immune responses to HDM in a TCR-independent 

manner through IL-33 [133]. Following sensing of IL-33, these CD4+ TH2 memory cells 

produced the effector cytokines IL-5 and IL-13 in the absence of TCR signaling and promoted 

increased eosinophilia and worsened pathology [133]. Another IL-1 family member cytokine, IL-

18, has also been implicated in prompting similar functional enhancement of CD4+ TH1 

responses [134, 135]. Upon sensing of IL-18, CD4+ TH1 cells can produce IFN-g independently 

of TCR stimulation when paired with STAT4 induction in vitro [134]. Although these studies have 

investigated how existing TH1 or TH2 CD4+ T cells can be further enhanced by similar 

environmental cues, it remains unclear how an existing TH1 TRM population can be impacted by 

a subsequent TH2 stimuli such as common environmental allergens. We therefore sought to 



 33 

define how influenza-specific CD4+ TH1 TRM cells in the lung responds to a subsequent allergen 

exposure (Fig. 3.1). 

 To answer this question, we developed a model system in which we could study two 

non-cross-reactive CD4+ T cell populations with different functional outputs: a predominantly 

TH1-skewed memory population specific for the influenza nucleoprotein (NP; NP311-325:I-Ab) and 

a TH2-skewed population specific for the common allergen Der p 1, a protease produced by the 

house dust mite Dermatophagoides pteronyssinus (Der p 1117-127:I-Ab) [59, 136, 137] (Fig 3.1). 

These tools allowed us to first demonstrate a lack of activation or cross-reactivity between these 

two naïve epitope-specific populations, as naïve NP-specific cells do not proliferate or 

differentiate in response to HDM exposure, nor do naïve Der p 1-specific cells respond to 

influenza. We next investigated whether tissue-resident NP-specific TH1 memory cells 

generated in response to influenza A/Puerto Rico/8/34 H1N1 (IAV PR8) infection could respond 

to an irrelevant TH2-inducing HDM exposure.  While we did not see an overall expansion of NP-

specific CD4+ TRM cells in response to HDM, we did find that these cells were phenotypically 

and functionally impacted by the subsequent allergen exposure. Specifically, a diminished 

proportion of NP-specific CD4+ TRM retained expression of their lineage-defining transcription 

factor (T-bet), a change which persists for at least 25 days post-HDM exposure. These cells 

also exhibit altered functionality following allergen exposure as they produce less IFN-g upon 

stimulation than NP-specific CD4+ T cells isolated from HDM unchallenged, IAV-exposed mice. 

Of interest, allergen-exposed influenza-specific CD4+ T cells also increased expression of the 

IL-33R receptor (ST2), yet did not become GATA-3+ TH2 cells, demonstrating limited plasticity 

[138]. As expression of IL-33R can be regulated by IL-33 perception, we further tested whether 

administration of papain or rIL-33 could similarly impact the NP-specific TH1 population [139]. 

We observed that respiratory administration of papain or rIL-33 was sufficient to drive a lower 

frequency of T-bet expression in NP-specific CD4+ memory cells in the lung, demonstrating that 

induction of IL-33 independent of cognate antigen can alter previously established CD4+ TH1 
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TRM. Together, these data provide novel insights into how environmental antigens can alter the 

fate and function of viral-specific CD4+ TRM in the lung, suggesting new strategies for 

therapeutic interventions. 

 

Figure 3.1. Experimental overview. 

A schematic illustrating the overarching experimental approach taken to address the effect of 

heterologous antigen challenge on the phenotype and function of resting influenza-specific 

CD4+ memory T cell populations in the lung. 

 

3.2 Results 

3.2.1 NP311-325:I-Ab-specific and Der p 1117-127:I-Ab-specific CD4+ T cells are not cross-reactive 

or activated by heterologous responses 

We developed a system to examine how a lung-resident CD4+ TH1 TRM population can 

be impacted by subsequent exposure to an irrelevant, common environmental allergen. 

Magnetic bead enrichment of dual tetramer-stained CD4+ T cells combined with intravascular 

labeling prior to sacrifice was performed to identify NP311-325:I-Ab and Der p 1117-127:I-Ab 

tetramer-specific CD4+ T cells in the lung-draining mediastinal lymph node (dLN) and lung 

parenchyma at various timepoints following infection and/or allergen administration [130]. To 

determine the extent of overlapping responsiveness or cross-reactivity, NP-specific and Der p 1-

specific CD4+ T cells were identified at timepoints of peak CD4+ T cell expansion in mice after 
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induction of allergic airway inflammation with HDM (day 18; Fig. 3.2A, top) or after infection with 

IAV PR8 (day 8; Fig. 3.2A, bottom) [59].  In mice that were exposed to HDM, a significant Der p 

1-specific, but not NP-specific, CD4+ T cell population was present in the dLN and lungs four 

days after the final HDM dose (Fig. 3.2A, 3.2C). Conversely, at an acute time point after IAV 

PR8 infection, NP-specific but not Der p 1-specific CD4+ T cells expanded in both tissues 

compared to cell numbers in naïve mice (Fig. 3.2A, 3.2C). At neither acute time point were any 

Der p 1- and NP-specific double positive CD4+ T cells identified, demonstrating that these two 

epitope-specific populations are not only non-responsive to the other antigenic insult, but were 

also not directly cross-reactive (Fig. 3.2A) [140]. 

Although we did not observe cross-reactive responsiveness in a heterologous priming 

environment, CD4+ TRM cells may be more promiscuous and gain responsiveness to a 

heterologous challenge in an antigen-independent manner [133, 141]. We therefore quantified 

NP-specific CD4+ T cells in the dLN and lungs at a memory timepoint after IAV PR8 infection 

alone or at the same time point (day 43) in mice that were additionally challenged with HDM 

(Fig. 3.2B). There was no significant difference in the number of NP-specific CD4+ T cells 

identified in either the dLN or lungs of mice that did or did not undergo a subsequent HDM 

challenge, demonstrating that allergic sensitization and challenge is not sufficient to alter the 

size of the influenza-induced NP-specific CD4+ TRM population once established (Fig. 3.2B, 

3.2C). Overall, these data demonstrate that IAV PR8 infection induces a population of NP-

specific memory cells in the dLN and lungs that are not numerically enhanced by subsequent 

HDM exposure.  
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Figure 3.2. NP311-325:I-Ab-specific and Der p 1117-127:I-Ab-specific CD4+ T cells are not cross-

reactive or activated by heterologous responses.  

(A) In mice administered respiratory HDM (top) or IAV PR8 (bottom) as illustrated in the 

experimental timeline shown, lung-draining mediastinal lymph nodes and lung tissue were 

isolated and stained with Der p 1117-127:I-Ab and IAV NP311-325:I-Ab tetramers and analyzed by 
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flow cytometry. Representative flow plots are shown. Lung samples were pre-gated on cells that 

are negative for the intravenous Thy1.2 label to demarcate cells located in the lung 

parenchyma. (B) Representative flow cytometry plots of CD4+ T cells isolated from the 

mediastinal lymph node or lung 43 days post-infection with IAV PR8 (top) or following IAV PR8 

and respiratory HDM (bottom) as illustrated in the experimental timeline shown. Lung samples 

were pre-gated on cells negative for the intravenous Thy1.2 label to demarcate cells located in 

the lung parenchyma. (C) Summary data of the total number of NP-specific or Der p 1-specific 

tetramer-positive cells in the mediastinal lymph node or lungs of mice from each condition with 

mean ± SD. Data are pooled from 3-6 mice per group from three independent experiments and 

were analyzed by unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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3.2.2 HDM-induced airway inflammation following IAV PR8 infection decreases the frequency 

of T-bet-expressing NP-specific CD4+ TRM in the lung 

 While it was clear the NP-specific cells were not expanding in response to HDM in the 

dLN or lungs at either acute or memory timepoints, it was formally possible that an altered 

environment associated with airway inflammation could impact functional attributes of the NP-

specific memory CD4+ T cells. To test this possibility, we compared hallmark characteristics of 

NP-specific CD4+ cells from the lungs of mice infected with IAV PR8 alone to those additionally 

exposed to HDM (Fig. 3.3A). Specifically, we analyzed the expression of the lineage-defining 

transcription factor T-bet as influenza induces a strong TH1 response, characterized by the 

expression of the T-bet-regulated cytokine IFN-g [30]. Prior studies have also suggested that IL-

1 cytokine family members can enhance CD4+ T cell function in an antigen-independent 

manner, thus we also examined expression of the IL-33R component ST2, which can be 

expressed by both TH1 and TH2 CD4+ T cells [142, 143].  After IAV PR8 infection, the majority 

of NP-specific CD4+ TRM cells in the lung express higher amounts of T-bet than naïve antigen 

non-specific CD4+ T cells as expected (Fig. 3.3B, 3.3C). Yet within this T-bet+ population we 

also found significant heterogeneity with respect to IL-33R expression at memory timepoints 

after infection; some cells expressed T-bet and but not ST2 (T-bet SP), while others expressed 

both T-bet and ST2 (DP). After HDM challenge, we observed a lower frequency and level of T-

bet expression in the lung-resident NP-specific CD4+ T cell population compared to mice 

exposed to influenza infection alone, suggesting that HDM exposure can diminish T-bet 

expression in this NP-specific CD4+ TRM population (Fig. 3.3B, 3.3C). Furthermore, the 

frequency of NP-specific CD4+ T cells that express ST2 increased after HDM challenge, with 

this increase occurring primarily in T-bet- (ST2 SP) and not T-bet+ (DP) cells (Fig. 3.3B-D). 

Thus, although sensitization and heterologous challenge with HDM is not sufficient to induce 

expansion of NP-specific CD4+ T cells in the lung, it is able to modulate the expression of a key 
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transcription factor and cytokine receptor in this population, suggesting subsequent exposure to 

TH2 stimuli can impact immune memory previously formed in response to viral infection. 

Exposure to a common environmental allergen resulted in a lower frequency of NP-

specific CD4+ T cells that expressed the TH1 lineage-defining transcription factor T-bet and also 

exhibited enhanced ST2 expression. This finding suggested the possibility that allergic airway 

inflammation was potentially skewing these TH1 memory cells towards a TH2 lineage. CD4+ TH2 

cells express high amounts of ST2 and the TH2-lineage defining transcription factor GATA-3, yet 

low amounts of T-bet [29, 144-145]. We therefore repeated the same IAV PR8 infection in the 

presence or absence of allergic airway inflammation to include an examination of the expression 

of GATA-3 in the NP-specific CD4+ TRM population. Following challenge with HDM, NP-specific 

CD4+ TRM in the lung did not express GATA-3 at a higher frequency or level than in 

unchallenged memory mice (~5%) or form a bona fide GATA-3+ ST2+ population, suggesting 

HDM exposure does not direct these cells towards a TH2 fate (Fig. 3.3E, 3.3F). As we did not 

observe the NP-specific CD4+ TRM skew towards a TH2-phenotype, we next assessed if 

secondary allergen exposure directed these cells towards a regulatory T cell lineage. In mice 

that were exposed to HDM following IAV PR8 infection, we did not observe a change in the 

frequency or level of Foxp3 expression in the NP-specific CD4+ TRM population in the lung, 

suggesting that allergic challenge also does not cause these cells to become regulatory T cells 

(Fig. 3.3G, 3.3H). Taken together, these data suggest HDM exposure following IAV PR8 

infection impacts the frequency of T-bet and ST2 expression in the NP-specific CD4+ TRM 

population in the lung but does not drive these cells towards a TH2 or regulatory CD4+ T cell 

fate. 

Although we observed phenotypic and functional alterations in the NP-specific CD4+ T 

cell population in the lung after HDM exposure, it was unclear whether these changes were a 

transient response to acute allergic challenge or a longer-term change. Therefore, we next 

examined if a lower frequency of T-bet expression in NP-specific CD4+ TRM following allergen 
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exposure was maintained for several weeks after the conclusion of allergic challenge. We 

performed the same protocol of IAV PR8 infection and allergic airway induction but waited to 

examine the NP-specific cells until 25 days after the final allergic challenge to determine if the 

decreased frequency of T-bet+ NP-specific CD4+ TRM was maintained (Fig. 3.3I). We observed 

that mice which received a subsequent allergic airway challenge maintained a lower frequency 

of T-bet+ NP-specific CD4+ TRM in the lung than those that were only infected with IAV PR8, 

suggesting the impact of allergen exposure on the CD4+ TRM population persists after the 

conclusion of challenge with HDM (Fig. 3.3J, 3.3K). Of note, the overall frequency of ST2+ NP-

specific TRM was not altered in mice that underwent allergic challenge at this later timepoint, 

suggesting the increased expression of ST2 on NP-specific CD4+ TRM soon after allergic 

challenge shown in Fig. 2.2 may be transient (Fig. 3.3J, 3.3K). However, the increased 

frequency of ST2-expressing T-bet- (ST2 SP) cells in mice that were sensitized and challenged 

with HDM was maintained, albeit less dramatically, suggesting that allergen exposure can drive 

some NP-specific TRM to persistently express ST2 in the T-bet- population at a higher frequency 

than in mice infected alone (Fig. 3.3J, 3.3L). Taken together, these data suggest the decrease 

in T-bet and increase in ST2 on T-bet- NP-specific CD4+ TRM that arise after allergic challenge 

is not transient and persists at least up to 25 days after allergic challenge. 
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Figure 3.3. HDM-induced airway inflammation following IAV PR8 infection decreases the 

frequency of T-bet-expressing NP-specific CD4+ TRM in the lung. 
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(A) Schematic representing the experimental timeline. (B) Representative flow cytometry plots 

of CD4+ T cells isolated from the lung at the timepoint indicated in A. (C) Summary data of the 

percentage of T-bet+ NP-specific cells, mean fluorescence intensity of T-bet in NP-specific 

cells, and the percentage of ST2+ NP-specific cells as represented in B. Graphs show mean ± 

SD. Data are pooled from 8 mice per group from two independent experiments and were 

analyzed by unpaired t test. (D) Summary data of the percentage of NP-specific cells located 

within each quadrant based on ST2 and T-bet expression as represented in B. Graphs show 

mean ± SD. Data are pooled from 8 mice per group from two independent experiments and 

were analyzed by unpaired t test. (E) Representative flow cytometry plots of CD4+ T cells 

isolated from the lung at the timepoint indicated in A. (F) Summary data of the percentage of 

GATA-3+ NP-specific cells and mean fluorescence intensity of GATA-3 in NP-specific cells as 

represented in E. Graph shows mean ± SD. Data are pooled from 6 mice per group from two 

independent experiments and were analyzed by unpaired t test. (G) Representative flow 

cytometry plots of CD4+ T cells isolated from the lung at the timepoint indicated in A. (H) 

Summary data of the percentage of Foxp3+ NP-specific cells and mean fluorescence intensity 

of Foxp3 in NP-specific cells as represented in G. Graph shows mean ± SD. Data are pooled 

from 5-7 mice per group from two independent experiments and were analyzed by unpaired t 

test. (I) Schematic of the experimental timeline for data in J-L. (J) Representative flow cytometry 

plots of CD4+ T cells isolated from the lung at experimental day 64. (K) Summary data of the 

percentage of T-bet+ NP-specific cells, the mean fluorescence intensity of T-bet in NP-specific 

cells, and the percentage of ST2+ NP-specific cells as represented in J. Graphs show mean ± 

SD. Data are pooled from 7 mice per group from three independent experiments and were 

analyzed by unpaired t test. (L) Summary data of the percentage of NP-specific cells located 

within each quadrant based on ST2 and T-bet expression as represented in J. Graphs show 

mean ± SD. Data are pooled from 7 mice per group from three independent experiments and 

were analyzed by unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. DN, 
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double negative. ST2 SP, ST2 single positive. T-bet SP, T-bet single positive. DP, double 

positive. 
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3.2.3 NP-specific CD4+ TRM in the lung exhibit a decreased potential to produce IFN-g 

following allergic sensitization and challenge 

 IL-33 induced by allergen exposure can drive effector cytokine production in CD4+ TH2 

memory T cells in the lung [133]. As we observed NP-specific CD4+ TH1 TRM responded to 

allergic challenge by altering their phenotype, we next assessed if HDM exposure induced 

production of TH1 or TH2 effector cytokines in these cells. We performed IAV PR8 infection 

followed by HDM exposure in mice heterozygous for both IL-5 tdTomato (B6(C)-Il5tm1.1(icre)Lky/J) 

and IFN-g YFP (C.129S4(B6)-Ifngtm3.1Lky/J) reporter alleles and isolated cells from the lung one 

day following conclusion of allergic challenge (Fig. 3.4A). Approximately half of the NP-specific 

CD4+ T cells isolated from the lung of mice infected with IAV PR8 expressed IFN-g at day 40 

post-infection, but IL-5 expression was absent (Fig. 3.4B, 3.4C). In mice challenged with HDM 

after IAV PR8 infection, the frequency of IFN-g or IL-5 production in NP-specific CD4+ TRM 

remained unchanged (Fig. 3.4B, 3.4C). This data suggests that respiratory exposure to HDM 

following influenza infection does not induce effector cytokine expression in NP-specific CD4+ 

TH1 TRM in the lung. 

T-bet-driven production of IFN-g by CD4+ T cells mediates protection to heterosubtypic 

influenza challenge [30, 89]. As our data demonstrated a loss of T-bet expression by NP-

specific CD4+ T cells in the context of allergic airway inflammation, we next sought to determine 

if the cytokine profile of these cells was altered following HDM exposure. We therefore used the 

same protocol of IAV PR8 infection followed by allergic airway induction with HDM, but this time 

isolated NP-specific CD4+ memory T cells from the lung and stimulated them with a protein 

kinase C activator (PMA) and calcium ionophore (Ionomycin) (Fig. 3.4D). While about 50% of 

NP-specific CD4+ TRM from mice infected with IAV PR8 possessed the capacity to produce IFN-

g upon restimulation, NP-specific cells isolated from the lung after induction of airway 

inflammation produced approximately two-fold less IFN-g (~28%) at the same timepoint post-
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infection (Fig. 3.4E, 3.4F). Consistent with our transcription factor analysis in Fig. 3.3, we 

observed no change in the capacity of NP-specific CD4+ TRM to produce IL-13, and a small, but 

significant decrease in IL-10 production potential (Fig. 3.4G, 3.4H). Therefore, decreased T-bet 

expression in NP-specific CD4+ T cells upon allergen exposure is also associated functionally 

with a decreased frequency and level of IFN-g and IL-10, but not IL-13 expression. 
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Figure 3.4. NP-specific CD4+ TRM in the lung exhibit a decreased potential to produce  

IFN-g following allergic sensitization and challenge.  
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(A) Schematic of the experimental timeline. (B) Representative flow cytometry plots of CD4+ T 

cells isolated from the lung at experimental day 40. (C) Summary data of the percentage of NP-

specific cells located within each quadrant based on IFN-g YFP and IL-5 tdTomato expression 

as represented in B. Graphs show mean ± SD. Data are pooled from 3-5 mice per group from 

two independent experiments and were analyzed by unpaired t test. (D) Schematic of the 

experimental timeline. (E) Representative flow cytometry plots of CD4+ T cells isolated from the 

lung at experimental day 43 and either incubated in media (unstimulated control) or stimulated 

with PMA/Ionomycin for 4.5 hours to assess cytokine production potential. (F) Summary data of 

the percentage of IFN-g+ NP-specific cells and the mean fluorescence intensity of IFN-g in NP-

specific cells as represented in B. Graph shows mean ± SD. Data are pooled from 11-13 mice 

per group from three independent experiments and were analyzed by unpaired t test. *, P < 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. DN, double negative. IFN-g SP, IFN-g YFP 

single positive. IL-5 SP, IL-5 tdTomato single positive. DP, double positive. 
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3.2.4 Diminished T-bet expression in NP-specific CD4+ TRM after allergic challenge persists 

following heterosubtypic infection and is associated with improved disease severity 

Although we observed that NP-specific CD4+ TRM in the lung maintained lower T-bet 

expression up to 25 days following allergic challenge, it was also possible that a subsequent 

IAV infection could restore the T-bet levels in this population. To test this, we utilized influenza 

A/HKx31 H3N2 (IAV X31) for our heterosubtypic challenge as this strain contains the six internal 

genes of IAV PR8 including NP, therefore preserving many major CD4+ T cell epitopes while 

evading sterilizing immunity generated during PR8 infection [146]. Following IAV PR8 infection, 

mice were either left unchallenged or sensitized and challenged with HDM (Fig. 3.5A). At day 

50 post-IAV PR8 infection, these mice were infected with IAV X31 under FTY720 (Fingolimod) 

treatment to determine the impact of re-infection and TCR stimulation on the phenotypic 

changes in NP-specific CD4+ TRM observed after HDM sensitization and challenge (Fig. 3.5A). 

FTY720 promotes degradation of S1PR1 and thereby traps cells in the secondary lymphoid 

organs, preventing CD4+ T cell migration to the peripheral tissues [147].  We observed that 

FTY720 administration was sufficient to induce lymphopenia in the peripheral blood and prevent 

entry of NP-specific CD4+ T cells in the lungs of mice that experienced IAV X31 alone, 

indicating its ability to prevent the migration of cells from the secondary lymphoid organs to the 

lung (Fig. 3.5B-D). Thus, the NP-specific CD4+ T cell population in the lung analyzed at this 

timepoint primarily consists of cells present in the tissue prior to heterosubtypic infection and not 

newly recruited CD4+ T cells. 

Using this experimental protocol, we observed that following IAV X31 infection, 87-96% 

of NP-specific CD4+ TRM in the lung expressed T-bet in mice that received a prior IAV PR8 

infection but were not challenged with HDM (Fig. 3.5E, 3.5F). However, the NP-specific CD4+ 

TRM cell population in the lungs of mice that also experienced a respiratory HDM challenge 

retained a reduced frequency of T-bet+ cells and lower level of T-bet expression compared to 

mice that did not undergo allergic challenge even after IAV X31 infection (Fig. 3.5E, 3.5F). 
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Although the overall frequency of ST2 expression in the NP-specific TRM was lower in HDM 

exposed mice at this timepoint, the ST2 SP NP-specific CD4+ TRM population remained 

increased in these mice after IAV X31 infection (Fig. 3.5E-G). Thus, in addition to mice 

exhibiting a reduced frequency of T-bet+ and increased ST2+ SP NP-specific CD4+ T cells that 

persisted after the conclusion of challenge with HDM, this change in the NP-specific CD4+ TRM 

population in the lung was maintained even after heterosubtypic influenza infection and 

perception of cognate antigen. 

Although T-bet expression in CD4+ T cells is necessary for IFN-g expression and has 

been associated with protection against heterosubtypic infection, TH1 antiviral responses can 

also induce immunopathology and worsened disease [30, 89, 148, 149, 158]. We thus tracked 

weight loss daily to assess morbidity and measured viral load in the lungs 5 days following IAV 

X31 infection under FTY720 treatment [Fig 3.5A]. Mice that underwent allergic sensitization and 

challenge without a prior IAV PR8 infection exhibited nearly identical weight loss to mice 

infected with IAV X31 alone until day 5 post-infection, and possessed no significant difference in 

viral load in the lung at this timepoint, demonstrating that HDM exposure alone does not impact 

early measures of disease upon infection with IAV X31 [Fig 3.5H, 3.5I]. Prior infection with IAV 

PR8 improved morbidity as early as day 3 post-IAV X31 challenge and led to decreased viral 

load at day 5 post-challenge, illustrating the protective capacity of memory cells generated in 

response to IAV PR8 infection [Fig. 3.5H, 3.5I]. However, mice sensitized and challenged with 

HDM following IAV PR8 infection exhibited less weight loss starting at day 3 post-IAV X31 and 

possessed lower viral load after heterosubtypic challenge than mice exposed to IAV PR8 but 

not HDM [Fig. 3.5H, 3.5I]. Therefore, sensitization and challenge with HDM improves early 

disease severity and viral clearance after influenza infection by impacting the lung-resident 

memory compartment, and is associated with reduced T-bet expression in NP-specific CD4+ 

TRM. 
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Figure 3.5. Diminished T-bet expression in NP-specific CD4+ TRM after allergic challenge 

persists following heterosubtypic infection and is associated with improved disease 

severity. 

(A) Schematic of the experimental timeline for data in B-I. (B) The total number of CD4+ cells 

per 20 µL peripheral blood of mice at experimental day 48 prior to FTY720 administration and at 
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day 55 prior to sacrifice. Graph shows mean ± SD. Data are pooled from 17-23 mice per 

timepoint from three independent experiments and were analyzed by unpaired t test. (C) 

Representative flow cytometry plots of cells isolated from the lung at experimental day 55. Box 

gate denotes the Thy1.2- NP-specific CD4+ cells in E. (D) Summary data of the number of NP-

specific CD4+ cells in the lung at experimental day 55 as represented in C. Graph shows mean 

± SD. Data are pooled from 6-12 mice per group from three independent experiments and were 

analyzed by unpaired t test. (E) Representative flow cytometry plots of NP-specific CD4+ T cells 

isolated from the lung at experimental day 55. (F) Summary data of the percentage of T-bet+ 

NP-specific cells, the mean fluorescence intensity of T-bet in NP-specific cells, and the 

percentage of ST2+ NP-specific cells as represented in E. Graphs show mean ± SD. Data are 

pooled from 10-12 mice per group from three independent experiments and were analyzed by 

unpaired t test. (G) Summary data of the percentage of NP-specific cells located within each 

quadrant based on ST2 and T-bet expression as represented in E. Graphs show mean ± SD. 

Data are pooled from 10-12 mice per group from three independent experiments and were 

analyzed by unpaired t test. (H) Percentage of starting (day 0 post-X31 infection) weight over 

time from experimental days 50-55. Asterisks (*) denote significant statistical comparisons 

between PR8 + X31 and PR8 + HDM + X31 groups, while octothorpes (#) signify significant 

statistical comparisons between X31 and HDM + X31 groups. Graphs show mean ± SD. Data 

are pooled from 6-12 mice per group from five independent experiments and were analyzed by 

unpaired t test. (I) Amount of influenza virus RNA present in lung tissue as assessed by qPCR 

and normalized to Rps17 expression. Dotted line indicates limit of detection. Graphs show mean 

± SD. Data are pooled from 2-12 mice per group from five independent experiments and were 

analyzed by Mann-Whitney test. *, P < 0.05; ** or ##, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

DN, double negative. ST2 SP, ST2 single positive. T-bet SP, T-bet single positive. DP, double 

positive. 
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3.2.5 Aeroallergen exposure following IAV PR8 infection induces less pro-inflammatory 

cytokine expression in the lungs upon heterosubtypic challenge 

 We previously observed that HDM exposure following IAV PR8 infection improves viral 

load and morbidity upon heterosubtypic challenge compared to mice previously exposed to IAV 

PR8 alone.  A number of cytokines have been associated with increased weight loss following 

influenza infection, namely IL-6, TNF-a, and IFN-g [148, 158, 159]. Thus, we assessed the 

expression of these cytokines in the lung tissue 5 days following heterosubtypic challenge with 

IAV X31 [Fig 3.6A]. We observed that HDM exposure alone prior to IAV X31 infection increases 

the level of IFNG, IL6, and TNF transcript compared to mice only infected with IAV X31 [Fig 

3.6B]. However, in mice that were initially infected with IAV PR8, additional exposure to HDM 

reduces the level of IFNG and IL6, but not TNF, expression after IAV X31 infection, suggesting 

that allergic sensitization and challenge impacts the memory compartment and leads to reduced 

expression of these pro-inflammatory cytokines [Fig 3.6B]. To further understand if the 

decreased expression of these cytokines in the lung tissue and T-bet in NP-specific CD4+ TRM 

was associated with a lower viral burden, we assessed the correlation between these 

parameters. We observed that there was a significant positive correlation between IL6 

expression, IFNG expression, the level of T-bet expression in NP-specific CD4+ TRM, and viral 

load at day 5 post-IAV X31 infection [Fig 3.6C]. In summary, in mice previously infected with 

IAV PR8, additional exposure to HDM impacts the lung-resident memory compartment and 

leads to lower expression of pro-inflammatory cytokines and correlates with lower viral burden 

after heterosubtypic influenza challenge.  
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Figure 3.6. Aeroallergen exposure following IAV PR8 infection induces less pro-

inflammatory cytokine expression in the lungs upon heterosubtypic challenge. 

(A) Schematic of the experimental timeline for data in B-I. (B) Expression of IFNG, IL6, and TNF 

transcripts in lung tissue relative to RPS17. Graphs show mean ± SD. Data are pooled from 2-

12 mice per group from five independent experiments and were analyzed by Mann-Whitney 

test. (C) Correlation between IFNG expression, IL6 expression, level of T-bet expression in NP-

specific CD4+ TRM, and viral load. Data are pooled from 10-12 mice per group from three 

independent experiments and were analyzed by Spearman correlation.  *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ****, P < 0.0001.  
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3.3 Discussion 

Our data demonstrate that a population of NP-specific CD4+ TH1 TRM in the lung formed 

following influenza infection can be altered in phenotype and function by respiratory HDM, a 

cysteine protease, or IL-33 exposure. The influenza-specific and HDM-specific lung-resident 

CD4+ T cell populations analyzed in this study are not cross-reactive and are not primed after 

exposure to the other immunogenic stimulus. However, the influenza-specific CD4+ TRM in the 

lung expressed lower levels of the TH1 transcription factor T-bet, TH1 cytokine IFN-g, and higher 

levels of the IL-33 receptor ST2 in mice that were challenged with HDM allergen following 

influenza infection compared to unchallenged mice without becoming TH2-differentiated or 

regulatory T cells. Furthermore, the changes in T-bet expression in the lung-resident NP-

specific CD4+ TRM persisted for several weeks following the conclusion of allergic challenge and 

were retained even after heterosubtypic IAV infection, and were associated with improved 

disease severity and viral clearance.  

Phenotypic and functional changes in the overall composition of the NP-specific CD4+ T 

cells in the lung reflect changes in the overall population as opposed to suggesting alterations in 

the expression of T-bet and ST2 at the individual cell level. For example, the loss of T-bet+ cells 

due to lung egress in conjunction with the entry of T-bet- cells would lead to similar conclusions 

as we did not observe an increase in the number of influenza-specific CD4+ T cells in the lung 

after challenge with HDM. Notwithstanding, we have demonstrated that the modulation of this 

compartment is persistent and impacts functionality. As NP-specific CD4+ TH1 TRM are 

important for protection against influenza infection, the decrease in the frequency of cells 

expressing T-bet and producing IFN-g after HDM exposure has vital implications for how 

environmental antigens can impact long-term immunity [58, 89]. We show that HDM exposure 

after influenza infection improves morbidity, viral load, and pro-inflammatory cytokine production 

after heterosubtypic infection by impacting the lung-resident memory compartment. Some 
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studies have previously suggested that CD4+ TH1 cells can promote pathology or worsen 

disease in response to heterosubtypic challenge with influenza [148, 149, 158]. Specifically, the 

production of IFN-g in influenza infection promotes an antiviral response but is also associated 

with increased lung injury and weight loss [148]. Similarly, mice possessing IL-2-deficient 

memory CD4+ T cells produce less cytokines including IFN-g and IL-12 during heterosubtypic 

influenza challenge and exhibit reduced morbidity and mortality [149]. Thus, dampening but not 

eliminating the TH1 antiviral response by allergen exposure or other means may reduce 

immunopathology and lead to improved disease outcomes. Future investigation into the 

dependence of these changes in influenza-specific CD4+ TRM populations and how to target 

these protective alterations should be performed. 

We observed following IAV X31 infection, mice previously sensitized and challenged 

with HDM possessed higher levels of pro-inflammatory cytokine transcripts in the lungs than 

mice not exposed to HDM. This increase in pro-inflammatory cytokines in mice challenged with 

HDM prior to infection with IAV X31 was reversed if these mice were initially infected with IAV 

PR8. Since the course of acute IAV X31 infection was performed under FTY720 treatment, 

which prevents populations or memory and nascent immune cells from egressing from the 

secondary lymphoid organs into peripheral tissue, these differences could be due to responding 

immune populations present in the lung at the time of IAV X31 infection. In the absence of 

protective immune memory in the lung from IAV PR8 infection, cells that are localized to the 

lung tissue from HDM exposure could be activated in response to unchecked IAV X31 infection 

and producing more pro-inflammatory cytokines. When there are populations of immune 

memory cells that are sufficient to protect against heterosubtypic infection, and potentially 

modulated to be less immunopathologic from HDM exposure, they could be stimulated to 

produce less cytokines such as IL-6 and IFN-g. However, these mechanisms are entirely 

speculative, and require further investigation to uncover what is driving these distinct responses 
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to IAV X31 infection with a prior HDM exposure when mice experienced an initial IAV PR8 

infection or not.  

 

4 Mechanisms of influenza-specific CD4+ resident memory T cell phenotype modulation 

4.1 Introduction 

Immune cell activation following exposure to HDM is attributed to several compounds 

excreted by the dust mite, including cysteine proteases that promote cleavage of epithelial cell 

tight junctions and stimulate the release and processing of the alarmin IL-33 [152, 153]. Along 

with these proteases, excrement from house dust mites contains lipopolysaccharide (LPS) 

which is a potent inducer of IL-12 and the IL-1 family member cytokine IL-18 [154-157]. These 

cytokines are implicated in promoting effector functions in memory CD4+ T cells, as IL-33R 

signaling can promote cytokine production by memory TH2 CD4+ T cells in the absence of TCR 

engagement and IL-18Ra signaling can stimulate IFN-g synthesis in CD4+ T cells in conjunction 

with IL-12 [133, 134]. 

 

4.2 Results 

4.2.1 Acute respiratory challenge with papain or rIL-33 is sufficient to induce a decreased 

frequency of T-bet+ NP-specific CD4+ TRM in the lung 

 As HDM contains LPS and several proteases, we sought to determine to what extent 

LPS or the cysteine protease papain alone could alter the functional phenotype of the NP-

specific CD4+ T cell population in the lung (Fig. 4.1A). We found that acute challenge with LPS 

did not induce a statistically significant difference in either the percent of T-bet-expressing cells 

or ST2-expressing cells in the lung-resident NP-specific CD4+ TRM population (Fig. 4.1B, 4.1C). 

However, after acute challenge with papain, the NP-specific CD4+ TRM population exhibited a 

reduced frequency of T-bet expression and a small, but significant increase in the frequency of 

ST2+ cells, suggesting components of HDM extracts that induce IL-33 expression may drive the 
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phenotypic changes in the NP-specific CD4+ TRM in the lung after allergic challenge (Fig. 4.1B, 

4.1C).  Similar to what we observed earlier with HDM, acute respiratory challenge with papain 

was also sufficient to induce a small, but significant increase in the frequency of ST2 SP NP-

specific CD4+ TRM, whereas LPS did not impact this population (Fig. 4.1B, 4.1D). As LPS can 

drive production of IL-18, we next assessed the expression of IL-18Ra on lung-resident NP-

specific CD4+ TRM and how it was impacted by LPS exposure [156].  After IAV PR8 infection, 

approximately 42% of NP-specific CD4+ TRM in the lung express IL-18Ra which significantly 

increased after LPS but not papain exposure, suggesting further differences in phenotypic 

modulation by various components of common allergens (Fig. 4.1E, 4.1F). Of note, the IL-

18Ra+ NP-specific CD4+ TRM population is largely ST2- (IL-18Ra SP), while a similar proportion 

of ST2+ NP-specific CD4+ TRM expresses ST2 alone (ST2 SP) or together with IL-18Ra (DP) 

(Fig. 4.1E, 4.1G). Together, these data suggest that while LPS exposure can alter IL-18Ra 

expression on NP-specific CD4+ TRM, papain but not LPS exposure is sufficient to induce a 

decreased frequency of T-bet and increased frequency of ST2 expression in the NP-specific 

CD4+ TRM population in the lung, recapitulating what we observed with HDM administration. 

As papain and various components of HDM can induce local IL-33 and IL-18 production, 

and we observed that NP-specific CD4+ TRM in the lung of mice can express the receptors for 

these cytokines, we next assessed the function of rIL-33 and rIL-18 on modulating the 

frequency of T-bet expression in the lung-resident NP-specific CD4+ TRM population. To 

determine this, we administered rIL-33 or rIL-18 to the lower respiratory tract via the oropharynx 

beginning 25 days post-infection with IAV PR8 (Fig. 4.1H). Following cytokine challenge, we 

observed that rIL-33, but not rIL-18 was sufficient reduce the frequency and level of T-bet 

expression in NP-specific CD4+ TRM in the lung compared to unchallenged mice (Fig. 4.1I, 

4.1J). Although challenge with either of these cytokines was not sufficient to alter the overall 

frequency of ST2+ cells in this population at this timepoint, respiratory administration of rIL-33, 

but not rIL-18, led to an increase in the frequency of ST2 SP NP-specific CD4+ memory T cells 
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in the lung similar to challenge with HDM or papain (Fig. 4.1I-K). Taken together, these data 

suggest administration of rIL-33, but not rIL-18, in an acute challenge model is sufficient to drive 

a decreased frequency of T-bet-expressing NP-specific CD4+ TRM and increased ST2 SP NP-

specific CD4+ TRM in the lung. 
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Figure 4.1. Acute respiratory challenge with papain or rIL-33 is sufficient to induce a 

decreased frequency of T-bet+ NP-specific CD4+ TRM in the lung. 
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(A) Schematic of the experimental timeline for data in B-G. (B) Representative flow cytometry 

plots of CD4+ T cells isolated from the lung at experimental day 27. (C) Summary data of the 

percentage of T-bet+ NP-specific cells, the mean fluorescence intensity of T-bet in NP-specific 

cells, and the percentage of ST2+ NP-specific cells as represented in B. Graphs show mean ± 

SD. Data are pooled from 6 mice per group from two independent experiments and were 

analyzed by unpaired t test. (D) Summary data of the percentage of NP-specific cells located 

within each quadrant based on ST2 and T-bet expression as represented in B. Graphs show 

mean ± SD. Data are pooled from 6 mice per group from two independent experiments and 

were analyzed by unpaired t test. (E) Representative flow cytometry plots of CD4+ T cells 

isolated from the lung at experimental day 27. (F) Summary data of the percentage of IL-18Ra+ 

NP-specific cells as represented in E. Graphs show mean ± SD. Data are pooled from 6 mice 

per group from two independent experiments and were analyzed by unpaired t test. (G) 

Summary data of the percentage of NP-specific cells located within each quadrant based on 

ST2 and IL-18Ra expression as represented in E. Graphs show mean ± SD. Data are pooled 

from 6 mice per group from two independent experiments and were analyzed by unpaired t test. 

(H) Schematic of the experimental timeline for data in I-K. (I) Representative flow cytometry 

plots of CD4+ T cells isolated from the lung at experimental day 27. (J) Summary data of the 

percentage of T-bet+ NP-specific cells, the mean fluorescence intensity of T-bet in NP-specific 

cells, and the percentage of ST2+ NP-specific cells as represented in I. Graphs show mean ± 

SD. Data are pooled from 8-9 mice per group from three independent experiments and were 

analyzed by unpaired t test. (K) Summary data of the percentage of NP-specific cells located 

within each quadrant based on ST2 and T-bet expression as represented in I. Graphs show 

mean ± SD. Data are pooled from 8-9 mice per group from three independent experiments and 

were analyzed by unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. DN, 

double negative. ST2 SP, ST2 single positive. IL-18Ra SP, IL-18Ra single positive. T-bet SP, T-

bet single positive. DP, double positive. 



 61 

4.3 Discussion 

The present findings demonstrate that rIL-33 administration is sufficient to modulate the 

frequency of T-bet expression in influenza-specific CD4+ TRM in the lung similarly to HDM 

challenge.  The IL-1 family member cytokines IL-18 and IL-33 have been demonstrated to 

directly induce effector cytokine production in TH1 and TH2 CD4+ T cells, respectively [133, 

134]. However, only IL-33 has been shown to do so in the absence of TCR signaling in vivo 

[133]. Our data indicate a new role for IL-33, as only rIL-33 was able to affect the phenotype of 

lung-residing NP-specific CD4+ TRM even though these cells express the receptors for both IL-

18 and IL-33. However, whether IL-33 is being perceived directly by CD4+ TH1 TRM or directing 

other immune or stromal cells that then influence CD4+ T cells in the tissue remains unclear. 

ILC2s and adventitial stromal cells in microanatomic niches in the lung can synergistically recruit 

CD4+ Th2 cells to the lung via IL-33, suggesting IL-33 can impact the composition of CD4+ T 

cell populations in the lung independently of ST2 signaling directly modulating protein 

expression [83]. Additionally, ST2 can be expressed by macrophages and other myeloid cell 

types and perception of IL-33 by these cells can induce chemokine production and potentially T 

cell recruitment [150, 151]. Further work is required to determine the extent to which IL-33 

signaling directly decreases T-bet and IFN-g expression by individual influenza-specific CD4+ 

TH1 TRM.  

 

5 Concluding Remarks 

 Although it was appreciated that CD4+ TH2 TRM could express effector cytokines in 

response to sensing of IL-33 prior to these studies, it was unknown if CD4+ TH1 TRM in the lung 

could be phenotypically or functionally altered in response to heterologous infection or antigen 

exposure. We have demonstrated here that influenza NP-specific CD4+ TH1 TRM which form in 

the lung following IAV PR8 infection exhibited decreased T-bet and increased ST2 expression 

following sensitization and challenge with HDM. In addition, NP-specific CD4+ TRM in the lung 



 62 

are not induced to express effector cytokines following HDM exposure, but their potential to 

produce IFN-g upon reactivation is reduced. The changes in T-bet expression in this population 

persist up to four weeks following allergic challenge and after heterosubtypic infection, and are 

associated with improve morbidity and viral load. A reduced frequency of T-bet expression in 

NP-specific CD4+ TRM can be induced by acute papain or rIL-33 challenge, suggesting a role 

for IL-33 in driving these changes in CD4+ TH1 TRM in the lung.  

 While further studies should be conducted to delineate the mechanisms by which CD4+ 

TH1 TRM can be modulated by antigen exposure, these findings have important implications for 

vaccine and therapeutic design. Alterations in lung-resident CD4+ memory populations formed 

by infection or vaccination in response to environmental antigens leads to the possibility that 

studies which assess the phenotype and function of these cells acutely after they are 

established may not be sufficient to understand their long-term protective potential. Various 

infections or disease states may uniquely alter the cytokine milieu in the lung following influenza 

infection or vaccination, and could potentially modulate influenza-specific CD4+ TRM away from 

their initial phenotype in ways that were not studied here. Furthermore, this work adds to an 

appreciable amount of evidence that suggests a heightened TH1 response may be maladaptive 

and provide less protection in the context of re-infection compared to an immune response that 

generates a balance of immunosuppressive or tissue repair responses as well. In general, it is 

clear that CD4+ memory T cells in the tissue are not terminally differentiated following acute 

infection, which provides opportunity to further modulate their function to treat disease or 

enhance protection once they are formed.  
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6 Glossary 

DCs: dendritic cells 

APCs: antigen presenting cells 

MHC-II: major histocompatibility complex class II 

TCR: T cell receptor 

TFH: T follicular helper cell 

Teff: effector T cell 

IL-2R: IL-2 receptor 

TEM: T effector memory cell 

TCM: T central memory cell 

TRM: tissue resident memory T cell 

iBALT: inducible bronchus-associated lymphoid tissue 

TRH: T resident helper cells 

HDM: house dust mite 

NP: nucleoprotein 

IAV PR8: influenza A/Puerto Rico/8/34 H1N1 

IAV X31: influenza A/HKx31 H3N2 

dLN: draining lymph node 

FTY720: fingolimod 

LPS: lipopolysaccharide 
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